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Abstract—The strong (>20 nm) wavelength detuning technique
has been demonstrated to enhance the modulation speed and high-
temperature characteristics (at 85 °C), as well as lower the re-
quired driving current density performance of oxide-relief 850-nm
vertical-cavity surface-emitting lasers (VCSELs) for >40 Gbit/s
operation. By increasing the wavelength detuning from 15 to 20 nm,
a significant improvement in the electrical-to-optical (E-O) band-
width (20 to 27 GHz) of the VCSEL can be observed. This detuning
design (∼20 nm) is incorporated along with a Zn-diffusion struc-
ture into our oxide-relief VCSEL with a miniaturized oxide-relief
aperture (∼3 μm). Highly single-mode, high-speed (26 GHz) op-
eration, and moderate differential resistance (100 Ω) values can
be simultaneously achieved. In addition, it is found that devices
with a further larger detuning wavelength (>20 nm) and enlarged
oxide-relief apertures (∼8 μm) can sustain the same maximum
E-O bandwidth (26 GHz) as that of a miniaturized (∼3 μm) VC-
SEL, resulting in the lower driving current density (8 versus 18.8
kA/cm2) required for high-speed performance. Excellent transmis-
sion performance, which includes an extremely low energy-to-data
rate ratio (EDR: 228 fJ/bit; over 100 m OM4 fiber) and record-low
driving-current density (8 kA/cm2; 3.5 mA) has been successfully
achieved for 41 Gbit/s error-free transmission for these VCSELs.

Index Terms—Semiconductor lasers, vertical cavity surface
emitting lasers.

I. INTRODUCTION

THE optical interconnect (OI) technology has become one
of the most important techniques for the construction of the

modern cloud infrastructure in the computing industry [1], [2].
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Compared with traditional copper cable interconnections, OI
can reduce energy consumption, increase the bit-rate-distance
product, and save on space, which is important due to the tremen-
dous increase in the bus line density of the rack. Currently, there
is competition between two major kinds of OI technologies. One
is the 850 nm vertical-cavity surface-emitting lasers (VCSELs)
and GaAs photodiode (PD) based transreceiver modules [3], [4],
the other is the silicon (Si) photonic platform [1], [5], [6].

Both approaches have been commercially developed for the
production of 4×10 Gbit/s active optical cable (AOC)1,2. The
VCSEL-based multi-mode fiber (MMF) AOC is perhaps more
commonly used than the single-mode fiber (SMF) embedded
Si photonic platform, because the allowable linking distance
(∼300 m) is long enough to satisfy most data center require-
ments (<50 m) with a much lower energy consumption. Nev-
ertheless, when the data rate reaches ∼50 Gbit/s as expected in
the next generation of chip-to-chip OI [7], the Si photonic plat-
form (SiPh3) equipped modulator might have a chance to beat
the VCSEL based optical engine (MiniPOD4) due to its poten-
tial electrical-to-optical (E-O) bandwidth, larger than that of the
850 nm VCSEL [1], [5], [6]. Further boosting the speed and re-
ducing the energy consumption of the VCSEL has thus become
a major challenge for the next generation of OI applications
with data rates at around 50 Gbit/s and a high density of optical
bus lines. Recently, transmission data rates as high as 64 Gbit/s
over 57 m OM4 multi-mode fibers have been demonstrated by
the use of feed forward equalization (FFE) on the transmitter
(850 nm VCSELs with 26 GHz bandwidth) and receiver (GaAs
p-i-n photodiodes) sides [8]. In addition, energy efficient >40
Gbit/s error-free transmission has also been demonstrated for
an 850 nm VCSEL without using an FFE equalizer over MMF
[9]–[13].

One possible way to further improve the speed performance
and reduce the energy consumption would be to reduce both the
parasitic capacitance and driving current by downscaling the
diameter of the oxide aperture of the VCSEL (to around 3 μm).
A record-low energy-to-data rate ratio (EDR: 56 fJ/bit) has been
demonstrated for 850 nm VCESLs with excellent transmission
performance at 25 Gbit/s operation [14]. However, there is usu-
ally no significant enhancement in the maximum 3-dB electrical-
to-optical (E-O) bandwidth of the VCSEL with the decrease in
its oxide diameter [11]. This phenomenon might be attributable
to the large differential resistance of a VCSEL (∼570 Ω [15])
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Fig. 1. Conceptual cross-sectional views of (a) devices A to F (without Zn-
diffusion) and (b) devices G to O (with Zn-diffusion). (c) FP dips mapping of
our VCSEL wafers for device fabrication. (d) Top-view of fabricated VCSEL
chip. PMGI: polymethylglutarimide. FP: Fabry-Perot.

with such a small oxide aperture (2–3 μm) or the single-mode
output induced spatial hole burning effect [16], [17]. In ad-
dition, the high operating current density (∼43.3 kA/cm2 [8];
∼25 kA/cm2 [9], [11], [12]) and the significant stress between
the multiple oxide layers and surrounding semiconductor ac-
tive layers are both issues affecting reliability and performance.
The development of a high-speed VCSEL with a moderately
large aperture size (∼7 μm), low driving current density (<10
kA/cm2), and extremely low energy consumption for 50 Gbit/s
operations is highly desired for the next generation of inter-chip
OIs.

In this study, by adopting strong wavelength detuning
(>20 nm) between the peak wavelength of the gain region and
the Fabry–Perot (FP) dip in our VCSEL structure, significant
enhancement in device modulation speed (20 to 27 GHz), lower-
ing of the threshold current (0.9 to 0.5 mA), and superior high-
temperature performance (at 85 °C) are achieved, compared
with weaker detuning (15 versus 20 nm). By further incorpo-
rating Zn-diffusion and oxide-relief structures [16], [18], [19]
into the VCSEL with strong detuning (>20 nm), we obtain a
device with moderately large aperture sizes (∼8 μm), requiring
a much lower driving current density (8 versus 18.8 kA/cm2),
while preserving the same maximum high-speed performance
(∼26 GHz) as that of VCSELs with a miniaturized oxide-relief
aperture (∼3μm). Our device successfully demonstrated excel-
lent transmission performance, which includes an extremely
low energy-to-data distance (EDDR) ratio (2.28 fJ/(bit × m)
over a 100 m OM4 fiber) for 41 Gbit/s error-free transmission
and a record-low required driving-current density (8 kA/cm2;
3.5 mA).

II. DEVICE STRUCTURE AND FABRICATION

Fig. 1(a) and (b) show conceptual cross-sectional views of
the demonstrated oxide-relief VCSEL without and with Zn-
diffusion apertures, respectively. With Zn-diffusion apertures
in the top p-type DBR layers, we can not only manipulate the
number of optical transverse modes inside VCSEL cavity but

Fig. 2. Conceptual diagram of lasing gain versus wavelength for VCSELs
with (a) weak (Δl) and (b) strong (Δλ′) wavelength detuning. AA′ and BB′

represent the increase in gain with the bias current (differential gain) for these
two cases. The green arrow represents the red-shift of gain peak with the increase
in bias current.

also reduce the differential resistance [16], [18]. In addition,
the oxide layer for current confinement is removed from our
oxide-relief structure by using selective wet chemical etching
[16], [18]. Due to the lower dielectric constant of air compared
with that of the AlOx layers, there is a demonstrated reduction
in the parasitic capacitance and improvement in the VCSEL’s
speed [16], [18]. The diameters of the Zn-diffusion (WZ ) and
oxide-relief apertures (Wo ) of the measured devices are spec-
ified in the figures below. In this work, all the studied devices
have fixed values of WZ and Zn-diffusion depths (d) of ∼7 and
∼1 μm, respectively. Compared with previous work [16], [18],
the thickness of the cavity layer has been further downscaled
from 1.5 to 0.5 λ, which shortens the internal carrier transient
time [11]. Here, λ is the operating wavelength inside the VCSEL
cavity. Due to the increase in the transient-time limited band-
width, the low-frequency roll-off [16], [17], which is usually the
major bandwidth limiting factor of a single-mode VCSEL, can
be eliminated; to be discussed in greater detail later. Fig. 1(c)
shows the FP dip mapping of the whole of the VCSEL wafer
used for device processing. The peak-wavelength of the photo-
luminescence spectrum of our active layers is at around 838 nm,
which indicates that in the center part of our wafer the detuning
between the gain peak (838 nm) and FP dip (∼859 nm) can be as
large as >20 nm, but this value decreases to around 15 nm in the
peripheral part of wafer. Different parts of the wafer are used in
the fabrication of VCSELs with different degrees of detuning in
order to study its influence on the static/dynamic performance
of the VCSELs.

There is a red-shift in the detuning wavelength (FP dip wave-
length > gain peak wavelength) because of the significant device
self-heating that occurs in our VCSELs with the miniaturized
size of cavity under high-speed (high bias current) operation. It
would result in the red-shift of the material gain peak. The well-
known red-shift detuning technique has been used in VCESLs
in order to enhance their high-temperature performance [20],
[21]. Fig. 2(a) and (b) shows conceptual diagrams of the gain
versus wavelength inside the active layers of VCSEL cavities
with weak (Δl) and strong (Δλ′) red-shift wavelength detun-
ing, respectively. Here, the lasing gain distribution related to
wavelength is estimated to be parabolic. We can clearly see that
the increase in the bias current and elevated junction tempera-
ture induce a red-shift and compression of the gain peak, and
that the stronger detuning at the etalon wavelength (Δλ′ > Δλ)
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can definitely enhance the differential gain (BB
′
> AA

′
). For

the case of the 980 nm VCESL with state-of-the-art high-speed
performance at high ambient temperatures [21], the reported
value of the thermal resistance (Rth) is around ∼4.7 K/mW,
and the corresponding junction temperature is as high as 82 °C
under a moderate bias current (∼5.4 mA) and room temperature
operation (25 °C) [21]. This helps us to understand the red-shift
in the gain spectrum of the VCSEL with the increase in the
bias current and red-shift detuning (etalon wavelength > mate-
rial gain peak wavelength) in VCSELs designed for high-speed
performance.

On the other hand, it is well-known that in the edge-emitting
distributed feed-back (DFB) laser blue-shift detuning (etalon
wavelength < gain peak wavelength of the material) is usually
used in order to enhance the modulation speed [22]. The main
reason for blue-shift detuning is due to the following. DFB lasers
usually have a much smaller value of thermal resistance (0.05
versus ∼4.7 K/mW) than that of the VCSELs, which tends to
minimize the device-heating induced bandgap narrowing (red-
shift) when the bias current increases [23], [24]. A high-level
injection carrier (current) would thus induce a band-filling effect
in the active layers of the DFB laser, which would result in the
blue-shift in the wavelength of the material gain-peak [22].

As can be seen in Fig. 1(d), the fabricated device has a 26 μm
diameter active mesa, which is integrated with the co-planar
waveguide (CPW) pads for on-wafer high-speed measurement.
The epi-layer structure is grown on a semi-insulating GaAs
substrate, which is composed of three In0.15Al0.1Ga0.75As/
Al0.3Ga0.7As MQWs sandwiched between a 36-pair n-type
and 26-pair p-type Al0.9Ga0.1As/Al0.12Ga0.88As Distributed-
Bragg-Reflector (DBR) layers with an Al0.98Ga0.02As layer
(50 nm thickness) above the MQWs for oxidation. Compared
with that reported for In0.1Ga0.9As/Al0.37Ga0.63As strained
850 nm VCSELs [25], we can achieve a higher indium mole
fraction (0.15 versus 0.1) with a thicker well-width (50 versus
40 Å) due to the incorporation of Al, which enlarges the bandgap
but has no significant influence on the lattice constant (strain) of
the well layer. A thicker well width is usually preferred as ben-
eficial to preserving the uniformity of the VCSEL wafer during
material growth. These advantages mean that at a wavelength
of ∼ 850 nm, the proposed AlxInyGa1−x−yAs/AlxGa1−xAs
strained MQW structure can provide a higher indium mole frac-
tion and a wider well-width than those of the InxGa1−xAs based
strained 850 nm VCSELs [25], which may further improve their
static/dynamic performance.

The influence of wavelength detuning and different sizes of
oxide-relief apertures on the dynamic/static performance of the
VCSELs is investigated by fabricating devices with different
process conditions and geometric sizes. Table I shows details of
the key parameters (Wo , Wz , d, and detuning wavelength) of all
the devices studied in this paper.

III. MEASUREMENT RESULTS

The light output versus current (L–I) characteristics of VC-
SELs with weaker (∼15 nm; devices A to C) and stronger de-
tuning (∼20 nm; devices D to F), are shown in Fig. 3(a) and

TABLE I
GEMOETRIC SIZES AND DETUNING WAVELENGTHS OF THE STUDIED DEVICES

Device WZ (μm) WO (μm) d(μm) Detuning Wavelength (nm)

A-C – 6 – ∼15
D-F – 6 – ∼20
G-I 7 3 1 ∼20
J-L 7 6 1 �20
M-O 7 8 1 �20

Fig. 3. Measured L–I curves of (a) devices A to C (detuning: 15 nm) and
(b) devices D to F (detuning: 20 nm). Their oxide-relief apertures (Wo ) and
measured maximum 3-dB E-O bandwidths and corresponding bias currents are
specified.

(b), respectively. Three typical measured traces (devices A to C
and D to F) are shown in each figure. The maximum measured
3-dB electrical-to-optical (E-O) bandwidths and corresponding
bias currents are also specified. In order to exclude the influence
of the optical mode on the device’s speed performance [24], the
Zn-diffusion apertures have been removed in both structures;
conceptual cross-sectional views are shown in Fig. 1(a). In ad-
dition, for fair comparison, all these devices have the same size
of oxide-relief (current confinement) aperture (6 μm in diame-
ter). As can be seen, devices (D to F) fabricated from the center
part of the wafer (stronger detuning) exhibit a lower threshold
current (∼0.5 versus ∼0.9 mA) and lower maximum output
power (1 versus 2 mW) than do devices (A to C), fabricated
from the peripheral part of the wafer. The lower threshold cur-
rent and smaller maximum power of devices D to F may be
attributed to the larger reflectivity of the DBR mirrors in the
center part of the wafer, as verified by the measurement results
and reflectance spectra mapping across the whole wafer.

Another possible reason for the smaller maximum output
power under room temperature operation is the larger misalign-
ment between the gain peak and cavity resonant frequency (FP
dip; etalon wavelength) as compared to those of devices A to C.
Fortunately, this might not be the most important issue for the
applications of inter- or intra-chip OI with a very short-reach
linking distance (<50 cm) and negligible optical propagation
loss. Figs. 4 and 5 show the measured bias dependent electrical-
to-optical (E-O) frequency responses and output optical spectra
for devices A and D with weak and strong detuning, respec-
tively. We can clearly see that device D with stronger detuning
not has only longer central lasing wavelengths (∼860 versus
∼855 nm) as expected but also a larger maximum 3-dB E-O
bandwidth (27 versus 20 GHz).
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Fig. 4. (a) E-O frequency responses of device A measured under different
bias currents and RT operation. (b) The corresponding bias dependent output
optical spectra.

Fig. 5. (a) E-O frequency responses of device D measured under different
bias currents and RT operation. (b) The corresponding bias dependent output
optical spectra.

The improvement in speed performance of the strong detun-
ing device can be attributed to the enhancement of its differential
gain, as illustrated in Fig. 2. In addition, the higher reflectivity
of the top DBR mirrors in devices D to F than that of devices
A to C might also have an influence on their distinct dynamic
performance due to the increase in photon lifetime (τp ) [26]. A
moderate reduction in τp will usually result in the enhancement
of both the resonant frequency and modulation speed of the
VCSEL.

However, if τp becomes too small, a significant increase in the
threshold current, decrease in the differential gain, and degrada-
tion in the modulation speed performance will be observed [26].
A more detailed analysis, which will be presented in a future
work, is necessary to investigate whether the lower reflectivity
in the top DBR mirrors (smaller τp ) of devices A to C has a
positive or negative effect on their modulation speed.

Data transmission would benefit through further reduction
of the differential resistance and manipulation of the optical
modes inside the VCSEL cavity [16], [18], [25] through the
application of Zn-diffusion apertures in these strong detuning
(∼20 nm) VCSELs, as shown in the conceptual cross-sectional
view in Fig. 1(b). Fig. 6(a) to (c) show the measured L–I and
I–V (voltage) curves of Zn-diffusion devices with three different
oxide-relief apertures sizes of 3, 6, and 8 μm, respectively.

Three typical measured traces are shown in each figure. The
measured range of differential resistances and maximum E-O
bandwidths with corresponding bias currents are also specified.
Here, devices G to I, J to L, and M to O have oxide-relief aper-
tures of 3, 6, and 8 μm oxide-relief, respectively. In Fig. 6(b),

Fig. 6. Measured L–I–V curves of VCSELs with oxide-relief apertures of (a)
3 μm (devices G to I), (b) 6 μm (devices J to L), and (c) 8 μm (devices M
to O). The range of the measured differential resistance and maximum 3-dB
E-O bandwidth with the corresponding bias current of each device is specified.
The measured I–V curve of device A (without Zn-diffusion) is given in (b) for
reference.

the measured I–V curve (open symbols) for the reference VC-
SEL (device A) without Zn-diffusion apertures is also included
for comparison. As can be seen, there are some variations on
the measured differential resistance and voltage drop of these
devices, which can be attributed to process variations. These
include the uncertainty of the surface state during the p- and n-
type Ohmic contact metallization and the uniformity during the
wet oxidation processes. Besides, as shown in Fig. 6(b), our Zn-
diffusion technique can greatly reduce both the turn-on voltage
and differential resistance in the structure with the same-sized
oxide-relief apertures (6 μm).

As compared to the I–V curves reported for Zn-diffusion VC-
SELs in our previous work [27], the measured turn-on voltages
in this work are usually larger (∼2 versus ∼1.5 V) and the im-
provement in I–V performance after performing the Zn-diffusion
process is more significant. This may be attributed to the elimi-
nation of the AlxGa1−xAs graded bandgap layer (x: 0.6 to x: 0.3)
in our new λ/2 cavity layer design, which increases the effective
barrier-height. A higher bias voltage is thus necessary to turn on
devices. The smaller differential resistance leads to less device-
heating and a higher saturation power (∼1.3 versus ∼1 mW)
and bias current (∼6 versus ∼4 mA), as shown in Figs. 3(b)
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Fig. 7. (a) E-O frequency responses of device H measured under different
bias currents and RT operation. (b) The corresponding bias dependent output
optical spectra.

Fig. 8. (a) E-O frequency responses of device I measured under different bias
currents and RT operation. (b) The corresponding bias dependent output optical
spectra.

and 6(b). Furthermore, as shown in Fig. 6(a), even with a small
oxide-relief aperture (3 μm), the measured differential resis-
tance (at ∼5 mA) can be as low as 80 Ω (device G). This is
much smaller than the values typically reported (>150 Ω) for
high-speed VCSELs at 850 nm with a similar size of current-
confined aperture [9]–[13]. Figs. 7 and 8 respectively show the
measured bias dependent (E-O) frequency responses and output
optical spectra of devices H and I with the same 3 μm current-
confined aperture. We can clearly see that (quasi-) single-mode
performance can be achieved with a 3-dB E-O bandwidth as
wide as 26 GHz under a very low bias current (∼3.5 mA). The
low-frequency roll-off problem, which is usually observed in
the single-mode 850 nm VCSELs [15]–[17] due to spatial hole
burning effect, has been completely removed in our device. This
is because the short cavity length (λ/2) design can effectively re-
duce the supplementary (transient) time of hole injection to the
lasing region inside the active layers. We achieved a 3-dB E-O
bandwidth (26 GHz) for device I, with a reasonable value of dif-
ferential resistance (∼100 Ω). This is a record high value among
all those reported for 850 nm single-mode VCSELs [9]–[13],
[15], [28].

Comparison to the reference VCSEL (device D without Zn-
diffusion apertures as illustrated in Fig. 2(b)), there is no sig-
nificant improvement in the achieved maximum bandwidth (27
versus 26 GHz) after performing the Zn-diffusion process. How-
ever, the much narrower spectral width and lower differential
resistance of our Zn-diffusion VCSEL does greatly enhance
the maximum allowable linking distance [16], [28] and mini-
mize the degradation in measured eye-patterns due to undesired

Fig. 9. Measured 3-dB E-O bandwidths of VCSELs with three different oxide-
relief apertures under RT (solid symbols) and 85 °C (open symbols) operation.

Fig. 10. (a) E-O frequency responses of device J measured under different
bias currents and RT operation. (b) The corresponding bias dependent output
optical spectra.

microwave reflection [13], (impedance mismatch between the
device and integrated 50 Ω laser driver). These are both im-
portant issues for practical applications of VCSELs for data
transmission.

As shown in Fig. 6, the increase in the oxide-relief aperture
would result in a reduction of the differential resistance, an
increase in the output optical power, and degradation in speed
performance. The latter is usually observed in large aperture size
VCSELs due to an increase in the parasitic capacitance and de-
crease in the carrier (photon) density. The solid symbols in Fig. 9
represent the summarized results of measured E-O bandwidths
for several devices with three different oxide-relief diameters
(3, 6, and 8 μm) under room-temperature (RT) operation. As
can be seen, there is a gradual improvement in the bandwidths
of most devices from 22 to 25 GHz with a downscaling of the
size of the oxide-relief apertures from 8 to 3 μm. However, as
indicated by the black and red circles, a few devices (devices J
and O), even with oxide-relief apertures as large as 6 to 8 μm,
can still sustain the same maximum electrical-to-optical (E-O)
bandwidth (∼26 GHz) as can the 3 μm aperture devices.

Fig. 10 shows the measured bias dependent E-O frequency
responses and output optical spectra of device J with a 6 μm
current-confined aperture. We can clearly see that under a bias
current of 7 mA bias, a 3-dB E-O bandwidth as wide as∼26 GHz
can still be achieved. This indicates that our devices can be op-
erated under an extremely low driving current density (< 7 mA
(<24.8 kA/cm2)) for > 40 Gbit/s transmission. Having a low
operating current density (< 10 kA/cm2) is a prerequisite for



1701510 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 21, NO. 6, NOVEMBER/DECEMBER 2015

Fig. 11. L–I curves of devices B (15 nm detuning) and E (20 nm detuning)
measured under 25 °C (RT) and 85 °C operation.

Fig. 12. Measured Ith versus ambient temperature of devices B, E, O, and M.

reliable operation and long device lifetime for commercial appli-
cations of VCSELs [11], [29]. The measurement results show
(see Fig. 9), that device O, which has an oxide-relief diame-
ter as large as 8 μm and high-speed performance (26 GHz),
meets these requirements. In the next section, we will discuss
the mechanism behind the capability for high-speed operation
even with such a large active diameter (∼8 μm) based on the
high-temperature (85 °C) static/dynamic measurement results.

The performance of VCSELs under high ambient temperature
operation (70 to 85 °C) is an important issue due to the tremen-
dous increase in bus line density of the modern optical rack
which will result in worse device heat-sinking. The proposed
detuning technique should be of benefit to the high-temperature
performance of such devices, as indicated by the red-shift of the
gain peak under high ambient temperature operation. Fig. 11
shows the L–I curves measured at RT and 85 °C of devices with
15 (B) and 20 (E) nm detuning, respectively; see Fig. 2.

As can be seen, although the strong detuning device E shows
a poorer L–I curve under RT operation than that of device B,
its high-temperature performance is superior. This includes a
smaller increase in the threshold current and less degradation
in the maximum output power at 85 °C operation (65% versus
85%). Fig. 12 shows the measured Ith versus ambient tempera-
ture of several devices with strong and weaker detuning. We can
clearly see that each trace fits a parabolic function very well, and
there is much less variation in the measured threshold currents
for the devices (E, M, and O) with strong detuning than that of
weak detuning device (B). The measurement results are consis-

Fig. 13. Bias dependent E-O frequency responses of device E measured under
(a) RT and (b) 85 °C operation.

tent with the previous discussion; see Figs. 3 to 5. Furthermore,
the measured traces of devices O and M show a minimum value
of Ith at a higher elevated temperature (∼80 °C versus ∼60 °C).
The implication is that larger wavelength detuning (>20 nm)
occurs in devices M and O compared to device E, as specified
in Table I. Fig. 13(a) and (b) show the measured bias dependent
E-O frequency responses of device E under RT and 85 °C op-
eration, respectively. As can be seen, for 85 °C operation, the
measured E-O bandwidth becomes saturated at a bias current as
low as 2 mA and further increase in the bias current (∼3 mA)
would lead to a significant degradation in the E-O bandwidth.
This can be attributed to the large differential resistance which
would induce serious device heating and degradation in speed
performance.

As can be seen in Fig. 6, the Zn-diffusion process can sig-
nificantly reduce the differential resistance of the device, which
would be of benefit to its high-temperature static/dynamic per-
formance.

Fig. 14 shows the L–I performance measured under RT and
85 °C operation of VCSELs H, J, L, O, M, fabricated with the
Zn-diffusion process and different sized oxide-relief apertures.
Comparison to the measurement results for device E in Fig. 11
clearly shows that larger saturation bias currents (∼3.5 versus
∼ 2.5 mA) and power (0.4 versus 0.3 mW) are obtained under
85 °C operation for the VCSELs (device J or L) with the ad-
ditional Zn-diffusion region and the same size of oxide-relief
aperture (6 μm). The L–I performance of devices J and O with
the fast (∼26 GHz) modulation speed (indicated by the black
and red circles in Fig. 9, respectively), and devices L and M
with the relatively slow (22–23 GHz) speed performance are
both given for comparison in Fig. 14(b) and (c). We can clearly
see that although the fast devices (J and O) exhibit a smaller
output power than that of the slow devices (L and M) under
RT operation, they show less degradation in maximum output
when the ambient temperature reaches 85 °C. These results are
consistent with the measurement results shown in Fig. 12. Un-
der 85 °C operation, the junction temperature should be much
higher due to the serious device self-heating effect in VCSEL;
see Fig. 2. We can clearly see that compared with device M, de-
vice O suffers a smaller increase in the threshold current (gain)
when the temperature exceeds 85 °C. The less degradation in
maximum output power performance under high-temperature
operation of device O, in comparison with device M, can thus
be understood. These measurement results imply that the fast
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Fig. 14. L–I curves of VCSELs measured at RT and 85 °C for devices with
oxide-relief apertures of (a) 3 μm (device H), (b) 6 μm (devices J and L), and
(c) 8 μm (devices M and O).

Fig. 15. Bias dependent E-O frequency responses of device J measured under
(a) RT and (b) 85 °C operation.

device O may have a larger detuning wavelength, which would
result in the higher differential gain (see Fig. 2) than those of the
slow devices (L and M). Such variation in the differential gain
and detuning wavelength across the same chip may be attributed
to fluctuation in the composition of the MQWs (material gain
peak wavelength) across the whole wafer.

Figs. 15 and 16 show the bias dependent E-O frequency re-
sponses measured under RT and 85 °C operation of devices J
and O with the same Zn-diffusion apertures (7 μm) and differ-
ent sized oxide-relief apertures of 6 and 8 μm, respectively. We
can clearly see that both structures can sustain nearly 20 GHz
3-dB E-O bandwidth under 85 °C operation. Such a bandwidth

Fig. 16. Bias dependent E-O frequency responses of device O measured under
(a) RT and (b) 85 °C operations.

Fig. 17. Bias dependent E-O frequency responses of device M measured under
(a) RT and (b) 85 °C operation.

is high enough for 40 Gbit/s transmission under 85 °C opera-
tion. Comparison with the measured E-O frequency response of
device E, shown in Fig. 13, clearly shows that the measured E-O
bandwidth of a device with the additional Zn-diffusion aperture
but the same oxide-relief aperture would become saturated at a
higher bias current (∼4 versus ∼2 mA) with a higher maximum
bandwidth (18 versus 16 GHz).

We can thus conclude that for high ambient temperature oper-
ation, our Zn-diffusion process can really reduce the differential
resistance, minimize device-heating, and benefit both the speed
and power performance. Fig. 17 shows the bias dependent E-O
frequency responses of device M measured under RT and 85 °C
operation. This figure also lends support to the conclusion that
the value of the differential resistance play an important role in
the dynamic performance of a device under 85 °C operation.

Comparison with the data for device O shown in Fig. 16,
indicates that although device M has poorer speed performance
under RT operation (22 versus 26 GHz), as a consequence of the
smaller differential gain (less detuning wavelength), illustrated
in Fig. 14, it can sustain a similar high-speed performance un-
der 85 °C operation (∼20 GHz), due to its smaller differential
resistance (40 versus 60 Ω), as specified on Fig. 9. From Figs.
16(b) and 17(b) we can clearly see that the lower differential
resistance of device M allows higher current injection (6 versus
4.5 mA) with less device self-heating than for device O. This
further boosts the speed performance of device M under high
temperature operation. The open symbols in Fig. 9 indicate the
summarized 3-dB E-O bandwidths obtained under 85 °C opera-
tion for VCSELs with three different sized oxide-relief apertures
(3, 6, and 8 μm). As can be seen, some of the 6 and 8 μm de-
vices (J, O, and M), indicated by the black, red, and green circles,
respectively, have slightly better speed performance under 85 °C
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Fig. 18. Measured 41 Gbit/s eye-patterns of device O under different bias
currents at RT (BTB and 100 m transmission)

operation than do the 3 μm devices. This might be attributable to
the lower differential resistance among these measured devices.

Fig. 18 shows the measured 41 Gbit/sec eye-patterns of de-
vice O for back-to-back (BTB) and over 100 m OM4 fiber cases.
The 3-dB E-O bandwidths measured under RT and 85 °C oper-
ation are 26 and 20 GHz, respectively, as illustrated in Fig. 16.
In our setup for data transmission, the receiver-end is comprised
of a commercial photoreceiver (VI-Systems R40–850 photore-
ceiver), which has a 30 GHz 3-dB O-E bandwidth and good
performance for >40 Gbit/s eye-detection [9], [11], [12], [19].
The length and amplitude (Vpp ) of the electrical pseudoran-
dom binary sequence (PRBS) patterns used in the transmission
experiment are fixed at 215–1 and 0.4 V, respectively.

When the bias current is over 3 mA, clear 41 Gbit/s eye-
opening can be achieved for both cases. The data rate (41 Gbit/s)
is limited by the maximum data rate of the pulse pattern gener-
ator system used here but a further increase in the transmission
data rate of up to 50 Gbit/s is highly possible due to the wide
E-O bandwidth (26 GHz) of our device [9]. In the case of BTB
transmission, we can clearly see that an increase in the bias
current would result in enhancement of the S/N ratio of the re-
ceived eye-pattern. In contrast, in the case of 100 m OM4 fiber
transmission, the optimum bias current for best eye-quality is
∼4 mA. A further increase in the bias current would broaden the
optical spectral width, inducing more serious modal dispersion,
leading to degradation of the S/N ratio of eye-patterns [18].

This suggests that it is the optical spectral width rather than
the output power that dominates the transmission performance
of the proposed VCSEL for such a short-reach distance (100 m)
with negligible transmission loss.

Fig. 19 shows the 41 Gbit/s eye-patterns measured at 85 °C
with a 2 m OM4 fiber transmission distance. We can clearly
see that 41 Gbit/s error-free eye-opening can still be sustained
when the bias current is over 4 mA. The limited transmission
distance at 85 °C can be attributed to vibration of the lens fiber
used for collection of the output light, which becomes more
serious with an increase in the ambient temperature, leading
to degradation in the measured eye-pattern quality. A red-shift
in the central wavelength and variation in the output optical
mode spectrum could also be possible reasons for degradation
in the transmission distance under 85 °C operation. However,

Fig. 19. Measured 41 Gbit/s eye-patterns of device O under different bias
currents at 85 °C (2 m transmission)

Fig. 20. Measured 41 Gbit/s BER values (in log scale) versus bias current and
received optical power of device O at (a) RT over 100 m and at (b) 85 °C over
2 m OM4 fibers.

by the use of robust device packaging, a further improvement in
high-temperature transmission performance can be expected.

Fig. 20(a) and (b) show the bit-error-ratio (BER) values versus
bias current and received optical power of our device at 41
Gbit/s operation measured under RT and 85 °C transmission,
respectively. The corresponding error-free eye-patterns are also
specified. Under RT operation, the EDR for 100 m OM4 fiber
transmission can be as low as 228 fJ/bit (3.5 mA), which is
higher than the lowest EDR value (∼167 fJ/bit) reported for
error-free 40 Gbit/s transmission for an 850 nm VCSEL across
a shorter MMF (50 m) and under a close value of bias current
∼3.1 mA [12]. The slightly poorer EDR performance of our
device is mainly due to the larger turn-on voltage (2 versus
1.5 V) than that of the typical 850 nm VCSEL; see Fig. 6.

Furthermore, thanks to the strong wavelength detuning and
highly strained MQW design, this device demonstrates a record
low driving-current density (∼8 kA/cm2; 3.5 mA) for >40
Gbit/s error-free transmission over a 100 m MMF fiber [8]–[13].
High-performance 850 nm VCSELs usually need a driving cur-
rent density >25 kA/cm2 for >40 Gbit/s transmission over a
50 m MMF [8]–[13].

IV. CONCLUSION

In conclusion, we observed a significant enhancement in the
E-O bandwidth (27 versus 20 GHz), superior high-temperature
characteristics (at 85 °C), and lower driving-current (density)
in devices fabricated using strong (∼20 nm) wavelength detun-
ing (FP dip > gain peak wavelength) for 850 nm high-speed
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VCSELs with oxide-relief current-confined apertures (VCSELs
D-F), as compared to reference devices (VCSELs A to C) with
less detuning (∼15 nm). By combining Zn-diffusion apertures
with strong detuning in the VCSEL, a further improvement in
I–V performance and narrowing of the optical spectral width can
be simultaneously achieved, which is of benefit to high-speed
performance at an elevated ambient temperature (85 °C) as well
as transmission performance. Highly single-mode (SMSR >
30 dB) and energy-efficient/high-speed (26 GHz at∼3 mA bias)
performance has been demonstrated for devices with miniatur-
ized oxide-relief apertures (∼3 μm). With a further increase
in the detuning wavelength (>20 nm) and enlarged oxide-relief
apertures (6–8 μm) a few devices can sustain the same maximum
3-dB E-O bandwidth (26 GHz) as VCSELs with miniaturized
oxide-relief apertures (∼3 μm). This would lead to an extremely
low driving current density for >40 Gbit/s transmission, which
is important for obtaining high reliable operation. Devices with
a moderate size of current confined aperture (∼8 μm) and strong
detuning (>20 nm) have been used to obtain a record-low driv-
ing current density (∼8 kA/cm2) for energy-efficient (228 fJ/bit,
3.5 mA) at 41 Gbit/s transmission over MMF from RT to 85 °C.
The proposed VCSEL structure and strong detuning technique
are expected to play vital roles in the development of the next
generation of inter-chip OIs with a 50 Gbit/s transmission data
rate.
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